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ABSTRACT

On 2019 August 14 at 21:10:39 UTC, the LIGO/Virgo Collaboration (LVC) detected a possible
neutron star-black hole merger (NSBH), the first ever identified. An extensive search for an optical

counterpart of this event, designated GW190814, was undertaken using the Dark Energy Camera
(DECam) on the 4m Victor M. Blanco Telescope at the Cerro Tololo Inter-American Observatory.
Target of Opportunity interrupts were issued on 8 separate nights to observe 11 candidates using the

4.1m Southern Astrophysical Research (SOAR) telescope’s Goodman High Throughput Spectrograph
in order to assess whether any of these transients was likely to be an optical counterpart of the
possible NSBH merger. Here, we describe the process of observing with SOAR, the analysis of our

spectra, our spectroscopic typing methodology, and our resultant conclusion that none of the candidates
corresponded to the gravitational wave merger event but were all instead other transients. Finally, we
describe the lessons learned from this effort. Application of these lessons will be critical for a successful
community spectroscopic follow-up program for LVC observing run 4 (O4) and beyond.

Keywords: gravitational waves, kilonovae, spectroscopic typing, neutron star, black hole138

1. INTRODUCTION139

∗ Based on observations obtained at the Southern Astrophysical Research (SOAR) telescope, which is a joint project of the Ministério
da Ciência, Tecnologia, Inovações e Comunicações (MCTIC) do Brasil, the US National Science Foundation’s National Optical-Infrared
Astronomy Research Laboratory (NOIRLab), the University of North Carolina at Chapel Hill (UNC), and Michigan State University
(MSU).
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The 2017 discovery of the optical counterpart of a bi-140

nary neutron star (BNS) merger — a kilonova (KN) —141

was one of the highlights of observational astrophysics142

of the early 21st Century. This discovery, following on143

the 2015 discovery of the first ever detected gravitational144

wave (GW) event, GW150914 (Abbott 2016), was a sig-145

nificant leap forward for astrophysics. The detection of146

GW170817 in coincidence with a short gamma-ray burst147

by Fermi-GBM during the second observing run (O2) of148

the Advanced LIGO (The LIGO Scientific Collabora-149

tion et al. 2015) and Virgo (Acernese et al. 2015) net-150

work inaugurated the era of multi-messenger astronomy151

with GWs (Abbott et al. 2017a,c). The optical counter-152

part was discovered 12 hours after the merger by several153

independent teams, including our own team, the Dark154

Energy Survey Gravitational Wave Search and Discov-155

ery Team (DESGW). DESGW utilizes the Dark Energy156

Camera (DECam) (Flaugher et al. 2015) on the Victor157

M. Blanco Telescope at Cerro Tololo Interamerican Ob-158

servatory (CTIO) in Chile (Soares-Santos et al. 2017)159

This discovery enabled panchromatic imaging and spec-160

troscopy, which galvanized the astronomical community.161

While this single event captured the focus of the en-162

tire astronomical community, the breadth and number163

of scientific analyses stemming from it are perhaps more164

astounding. Standard siren techniques enabled a direct165

measurement of the expansion rate of the Universe to-166

day (Abbott et al. 2017b; Soares-Santos & Palmese et al.167

2019; Palmese et al. 2020) and in the future they will also168

be a useful probe of the growth of structure (Palmese169

& Kim 2020). Measuring elemental abundances in the170

merger ejecta using spectroscopic instruments led to an171

understanding of the origin of heavy elements synthe-172

sized during the merger (Chornock et al. 2017; Drout173

et al. 2017; Tanaka et al. 2018), and we note the unique174

wavelength coverage of the VLT X-Shooter in this task175

in particular (Pian et al. 2017; Smartt et al. 2017; Wat-176

son et al. 2019). X-ray and radio observations character-177

ized the geometry of the explosion to be best described178

by a jet plus cocoon structure (Alexander et al. 2017;179

Hallinan et al. 2017; Margutti et al. 2017; Troja et al.180

2017; Mooley et al. 2018; Ghirlanda et al. 2019). The181

gravitational waveforms tested and further bolstered the182

validity of the theory of General Relativity, as verified183

by numerical relativity simulations (Shibata et al. 2017;184

Abbott et al. 2019), and several other studies explored185

the connection between BNS mergers and short Gamma186

Ray Bursts (sGRBs) (e.g., Fermi-LAT Collaboration187

2017; Fong et al. 2017; Savchenko et al. 2017; Xiao et al.188

2017; Lyman et al. 2018; Ascenzi et al. 2020). These189

analyses, and many not listed, were enabled by the asso-190

ciation of the GW signal with its electromagnetic (EM)191

signal. Given that these events are such a rich source192

of astrophysical knowledge, finding counterparts to GW193

events related to compact object mergers remains a pri-194

mary goal of the multimessenger-focused astronomical195

community.196

On 2019 August 14 at 21:10:39 UTC, during its ob-197

serving run 3 (O3), the LVC detected a binary merger198

initially designated as S190814bv and later given a fi-199

nal designation of GW190814. This was one of 56 event200

alerts from LVC during O3 and was particularly interest-201

ing: GW190814 was at the time classified as a neutron202

star-black hole (NSBH) merger, the first high signifi-203

cance event of this kind ever observed (LVC 2019a,b; Ab-204

bott et al. 2020). The LIGO-VIRGO analysis found that205

this merger event occurred at a distance of 267±52 Mpc.206

It had a 90% localization region of 23 deg2 and a proba-207

bility of being a NSBH merger of greater than 99%. Fur-208

ther, taking as an assumption that the GW170817 BNS209

KN (at a distance of 43 Mpc) had a typical luminos-210

ity for such an event and scaling by the inverse-square211

law, one could estimate that the optical counterpart212

to GW190814 could conceivably peak at a brightness of213

i∼21 (≈4 mag fainter than that of GW170817) – well214

within the range of DECam, as well as still within the215

range of medium resolution spectrographs on 4m-class216

optical telescopes – simplifying the effort of following217

up any likely optical counterpart candidates. Thus, the218

DESGW team undertook an extensive search for a KN219

event that would form the optical counterpart to this220

potential NSBH merger event, making use of DECam221

observations within the high-probability region of the222

GW event. This search is described in detail in Morgan223

et al. (2020).224

A number of other groups also searched for an EM225

counterpart to GW190814. Kilpatrick et al. (2021)226

(many of whom are also members of the DESGW227

Collaboration) discuss searches for KN candidates228

using several 0.7-1 meter class telescopes as well as229

Keck/MOSFIRE and also present spectroscopy of a230

number of candidates (including in their Figure 4 a231

copy of many of the spectra described here in the current232

paper). They also present limits on EM counterparts233

to GW190814 and consider scenarios in which an EM234

counterpart of a NSBH would be detected. The Aus-235

tralian Square Kilometre Array Pathfinder (ASKAP)236

imaged 30 deg2 at 2, 9 and 33 days after the event at237

a frequency of 944 MHz (Dobie et al. 2019). The Mag-238

ellan Baade 6.5 m telescope was used to search on a239

selection of galaxies within the localization area out to240

limiting magnitude of i = 22.2 and found no counter-241

parts (Gomez 2019). The MegaCam instrument on the242

Canada-France-Hawaii Telescope (CFHT) was used to243
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search much of the localization region. Although the244

CFHT team reached a depth of i > 23.9 at 8.7 days245

post-merger, no KN was found (Vieira et al. 2020).246

The GROWTH Collaboration used imaging from DE-247

Cam along with other facilities for imaging and spec-248

troscopy of possible KN candidates. Using simulations,249

they constrained possible ejecta mass from the merger250

to be Mejecta < 0.04 M� at polar viewing angles (An-251

dreoni et al. 2020). Watson et al. (2020) described limits252

on an EM counterpart to GW190814 using observa-253

tions with optical imager DDOTI (at the Observatorio254

Astronómico Nacional in Mexico) and Swift/BAT ob-255

servations. They showed that Swift/BAT should have256

detected an associated gamma ray burst at the 98%257

level. Ackley (2020) described the ENGRAVE team258

search using the Very Large Telescope as well as in-259

volvement with the ATLAS, GOTO, GRAWITA-VST,260

Pan-STARRS and VINROUGE projects. Their obser-261

vations covered the localization region to depths as faint262

as r ≈ 22. Their limits suggest that it is likely the neu-263

tron star was not disrupted during the merger. DDOTI264

wide-field observations were also used along with the265

Lowell Discovery Telescope, the Reionization and Tran-266

sients InfraRed and spectroscopy from the Gran Telesco-267

pio Canarias to locate EM counterparts (Thakur et al.268

2020). Their data suggest that there was no gamma ray269

burst along the jet’s axis.270

While searching for an optical counterpart to271

GW190814, the DESGW pipeline began with 33,596272

events in the likelihood regions. Using the analysis273

pipeline we produced a final list of 11 candidates that274

passed our cuts and were bright enough for spectroscopy275

using a 4-m class telescope (Morgan et al. 2020; also276

§ 4.2 below). For these candidates we proceeded to con-277

duct spectroscopic typing at the Southern Astrophysical278

Research (SOAR) 4.1 m telescope1 using the Goodman279

High Throughput Spectrograph (HTS; Clemens et al.280

2004). (Spectroscopic typing is facilitated by the fact281

that, due to the fast ejecta velocities expected of kilo-282

novae — 0.03-0.30c — their spectra are expected to be283

featureless or only have very broad, smooth spectral fea-284

tures, especially in the optical during the first few days285

after the merger event, which distinguishes their spectra286

from supernovae [SNe] and other optical transients; see,287

e.g, the KN models of Kasen et al. 2017.) The spectro-288

scopic follow-up team submitted Target of Opportunity289

(ToO) observing requests to the SOAR telescope on 8290

1 https://noirlab.edu/science/programs/ctio/telescopes/
soar-telescope

separate nights in order to use the Goodman HTS on291

SOAR for spectroscopic typing of these 11 candidates.292

After taking spectra for 8 candidates (plus the host293

galaxies of 3 additional candidates which had faded be-294

yond the straightforward capabilities of SOAR – i.e.295

i ∼ 21.5), no optical counterpart was discovered for296

GW190814. Despite this null result, this paper serves297

several important functions. First, it serves as a com-298

panion paper to our other two papers (Morgan et al.299

2020; Kilpatrick et al. 2021), providing a deep dive into300

the methodology and detailed results of a coordinated301

spectroscopic campaign of the first possible NSBH event302

ever detected, including the finding charts, light curves,303

and KN spectral fitting not covered in detail by the304

other two companion papers. Further, it describes and305

provides previously unpublished open source tools that306

can be of use to similar future spectroscopic campaigns.307

Also, by comparing results from two separate SN spec-308

trum fitters and a KN spectrum fitter, this paper goes309

into some detail into the subtleties associated with spec-310

troscopic classification of relatively faint SNe and KNe.311

Finally, although it does not change the conclusions of312

the companion papers, some of the final classifications of313

the candidate counterparts here are updates from what314

what was seen in the previous papers.315

In summary, we describe in this paper the DESGW316

collaboration’s spectroscopic follow-up campaign for the317

GW190814 gravitational merger event. We also describe318

our overall spectroscopic follow-up methods and strat-319

egy, how we employed them in this particular follow-up320

campaign, the lessons learned, and the prospects for the321

future. The paper is organized as follows: In §2 we de-322

scribe the LIGO/Virgo observations of GW190814. In323

§3 we describe the DESGW search for candidate opti-324

cal counterparts. In §4 we describe the selection and325

filtering of the candidates. In §5 we describe the SOAR326

observing strategy and the observations of counterpart327

candidates for GW190814. In §6 we discuss our results328

and address the population of objects we found. In §7329

we summarize our conclusions. In addition, we provide330

in § 8 a list of software packages used throughout our331

analysis.332

In this paper we follow the cosmology given by Ben-333

nett et al. (2014), with flat ΛCDM cosmology with334

ΩM = 0.286±0.008 and H0 = 69.6±0.7 km s−1 Mpc−1.335

2. LIGO/VIRGO OBSERVATIONS336

As noted above, on 2019 August 14 UTC, the LVC ob-337

served gravitational radiation at high statistical signifi-338

cance. The event, initially named S190814bv, occurred339

during a time that all three detectors (LIGO Hanford,340

LIGO Livingston, and Virgo) were operating normally,341

https://noirlab.edu/science/programs/ctio/telescopes/soar-telescope
https://noirlab.edu/science/programs/ctio/telescopes/soar-telescope


6

which enabled both a good angular localization of the342

source and more precise estimate of the source param-343

eters. The false alarm probability was calculated at344

2.0×10−33 Hz — or once per 1015 Hubble times — sug-345

gesting a very high signal-to-noise event (LVC 2019b).346

Using the bayestar pipeline (Singer & Price 2016), the347

LVC team localized the source of the GW signal to348

a 38 (7) sq. degree area at the 90% (50%) confidence349

level in the Southern Hemisphere on the night of the350

merger. The initial luminosity distance estimate was351

276± 56 Mpc (LVC 2019a). Preliminary source classifi-352

cation via a machine-learning-based tool (Kapadia et al.353

2020) identified the event as a “mass-gap” binary merger354

– i.e., a merger event in which at least one of the com-355

pact objects has a mass falling within the hypothetical356

mass gap between neutron stars (NSs) and black holes357

(BHs) (i.e., in the mass range 3-5 M�; LVC 2020a;358

Abbott et al. 2020). The small localization area and359

the potential of identifying an optical counterpart made360

this event interesting from the perspective of follow-up361

projects.362

The following day, the LVC LALInference pipeline363

(LIGO Scientific Collaboration 2018) localized the364

source to 23(5) sq. degrees at the 90% (50%) confidence365

level, refined the classification to an NSBH merger,366

and estimated the luminosity distance of the event to367

be 267 ± 52 Mpc (z = 0.059 ± 0.011 for a standard368

ΛCDM cosmology; Bennett et al. 2014, Wright 2006).369

S190814bv thus became the first possible NSBH sys-370

tem observed by a GW observatory and a prime target371

for follow-up by the EM astronomical community. How-372

ever, the LVC parameter estimation indicated that the373

parameter HasRemnant was < 1%. (HasRemnant is the374

probability that a nonzero mass was ejected during the375

collision and remains outside the final remnant object376

[Foucart et al. 2018; LVC 2020b]). This suggested that377

there was a low probability that any ejecta was preserved378

outside the BH and thus that there was a small chance379

of there being an observable KN.380

Well after searches for an EM counterpart were com-381

pleted, the LVC published results from an updated of-382

fline analysis (Abbott et al. 2020), where the final lumi-383

nosity distance was estimated to be 239+41
−45 Mpc (median384

and 90% credible interval), the 90% localization area was385

updated to 18.5 square degrees, and the masses of the386

two merging objects was updated to 23.2 M� (a BH)387

and 2.6 M� (a mass-gap object – i.e., either an under-388

weight BH or an excessively massive NS). It was also389

at this time that this GW event was re-named from its390

initial designation, S190814bv, to GW190814.391

The nature of this GW190814 was recently debated392

and summarized by Abbott et al. (2020), and, since its393

discovery, only a couple more GW merger events with394

comparable properties have been identified (see The395

LIGO Scientific Collaboration et al. 2021) and the in-396

teractive plot at https://ligo.northwestern.edu/media/397

mass-plot/index.html). Particularly striking is the mass398

ratio of the GW190814 merger components — a value399

of 0.112 — whereas the average mass ratio of more typi-400

cal LIGO BBH events is ∼1. As noted above, one of the401

components of the GS190814 merger was a 23.2 M� BH,402

but the other was a 2.6 M� “mass-gap” object. If this403

mass-gap object is an NS, this has ramifications for the404

NS equation of state, which is a determining factor in the405

maximum allowable mass of NS’s (currently estimated406

to be .2.6M�). Independent of whether the mass-gap407

object is a NS or a BH, if these types of mergers are more408

common than expected, there may be consequences for409

stellar population synthesis models, since these models410

tend to favor the merger of systems with components411

that are less asymmetric in mass, although stellar en-412

vironment may also play a role: merger rates between413

NS’s and BH’s are low in globular clusters (∼ 10−2-10−1
414

Gpc−3 yr−1; e.g., Ye et al. 2020), but likely higher in415

young stellar clusters (< 10−1 Gpc−3 yr−1; Ziosi et al.416

2014); thus, star clusters with young stellar populations417

might be the preferrred location for mergers similar to418

GW198014. For the purposes of this paper, we will as-419

sume that GW190814 is a possible NSBH merger, as420

it was classified during the SOAR follow-up observing421

runs.422

In the next section we describe the efforts of the423

DESGW Collaboration to identify transients that were424

possible KN candidates.425

3. DECAM SEARCH CAMPAIGN426

In searching for an optical counterpart to GW190814,427

the DESGW collaboration triggered ToO observations428

with the 570-mega pixel DECam optical imager on the429

CTIO Blanco 4-m telescope. Together, the Blanco and430

DECam reach a 5σ limiting r-band magnitude of ∼ 23.5431

in a 90 second exposure in a 3 square degree field of view432

(FoV) (Neilsen et al. 2019). The combination of deep433

imaging and a wide FoV make Blanco/DECam the ideal434

instrument for efficiently detecting optical transients lo-435

calized to tens of square degrees.436

Our follow-up efforts for GW190814 utilized the re-437

sources of the Dark Energy Survey (DES), which is a438

wide-field optical survey that covered a 5,000 square de-439

gree region of the southern sky from 2013 to 2019 using440

Blanco/DECam (Diehl et al. 2019). DES imaging of441

the DES footprint reaches a 10σ depth for point sources442

of grizY = 25.2, 24.8, 24.0, 23.4, 21.7 mag (Mohr et al.443

2012). The LVC 90% containment region for GW190814444

https://ligo.northwestern.edu/media/mass-plot/index.html
https://ligo.northwestern.edu/media/mass-plot/index.html
https://ligo.northwestern.edu/media/mass-plot/index.html


7

is entirely within the DES footprint, enabling the use of445

high-quality DES images during difference imaging.446

We performed DECam ToO follow-up observations447

of GW190814 for six nights following the LVC alert,448

namely nights 0, 1, 2, 3, 6, and 16. The early nights449

were chosen to look for rapidly evolving transients im-450

mediately following the merger. KNe from either BNS451

(Arcavi et al. 2017) or NSBH (Kawaguchi et al. 2016)452

events are expected to vary by about a magnitude over453

the course of a single night in the first days after the454

event. Observations 16 nights after the merger were used455

to exclude persisting SNe. Due to moon brightness, es-456

pecially during the first nights of DECam follow-up, we457

opted to use the redder i and z bands to minimize the458

effect of sky brightness on our imaging depth.459

The DECam images were processed by the DES Differ-460

ence Imaging Pipeline (Herner et al. 2020), an updated461

version of the DES SN Program’s Pipeline described462

in Kessler et al. (2015), using coadded DES wide-field463

survey images (Abbott et al. 2018) as templates.464

After image processing, candidate KNe were identi-465

fied and then selected for spectroscopic follow-up. The466

selection process included eliminating moving objects467

(e.g., asteroids), known transients (e.g., variable stars468

and active galactic nuclei [AGN]), and transients with469

colors and/or light curves characteristic of SNe. Vi-470

sual inspection of the images was also important, es-471

pecially in the first nights of DECam follow-up, when472

light curves for the candidates consisted of only one or473

two epochs. For GW190814 in particular, there were474

33,596 candidates immediately after the image process-475

ing. KN candidates were found in DECam images476

after running them through the reduction pipeline. Ob-477

jects were found by SExtractor (Bertin & Arnouts 1996).478

Objects that had good detections in SExtractor, showed479

evidence of being transients by comparison to known ob-480

ject templates and passed visual inspection checks were481

considered. Other candidates were identified in alert482

notifications from the Gamma-ray Coordinates Network483

(GCN)2 put out by other groups searching for kilonova484

KN candidates. A more rigorous process of object as-485

sessment was done later, described in more detail in486

Morgan et al. (2020) and summarized in § 4.2. In the487

end, spectroscopic follow-up was performed using the488

SOAR Goodman HTS for 11 candidates (or their host489

galaxies).490

In Table 1 we present candidates found and spectro-491

scopically targeted by the DESGW team during DE-492

Cam follow-up of GW190814. In this table we provide493

2 https://gcn.gsfc.nasa.gov/

both the DESGW ID and the Transient Name Server494

name, which we continue to use in this work. In the fi-495

nal two columns, we present the localization probability496

enclosed within the GW sky-map including each object497

location. For further details of the processing of the DE-498

Cam data and the subsequent identification of possible499

candidates, please refer to our companion paper (Mor-500

gan et al. 2020).501

In Figure 1 we show both the initial and the final sky-502

localization maps issued by the LVC along with the lo-503

cations of each of the 11 objects we observed. Note that504

in the smaller final probability regions, some of the ob-505

jects we observed are outside the 90% probability area,506

but all were included within this area in the initial map.507

4. SOAR SPECTROSCOPIC CANDIDATE508

SELECTION509

To achieve the maximum science, rapid spectroscopic510

follow-up of candidate KNe is a necessity: first to dis-511

cover the optical counterpart from among the list of512

potential candidates, and then, if discovered, to per-513

mit the longest possible timeline for optical monitor-514

ing of the evolution of the potential KN’s light curve515

and spectral energy distribution before it fades to ob-516

scurity. The constraints for our SOAR spectroscopic517

program, however, were two-fold: (1) to preserve each518

night’s main program as much as possible, as SOAR ToO519

interrupts are limited to 2.5 hours per night (includ-520

ing overheads); and (2) to achieve reasonable S/N (&5-521

10) of a medium-resolution spectrum on SOAR within522

a reasonable amount of time. Due to these constraints,523

each observation is limited to objects with brightnesses524

of i < 21. (We pushed the limits for GW190814, re-525

laxing this constraint to i . 21.5.) In §4.1 we present526

our baseline strategy for SOAR/Goodman spectroscopy527

in LVC O3. Then in §4.2 we describe our strategy for528

filtering transients found with DECam observing to find529

the candidates that should be followed up with spec-530

troscopy.531

4.1. SOAR Program Baseline Strategy for LVC O3532

We designed our SOAR ToO program for rapid and533

robust identification and subsequent nightly follow-up of534

KN candidates to be coupled with the DECam wide-field535

search & discovery program (Soares-Santos et al. 2017;536

Herner et al. 2020; Morgan et al. 2020; DES Collabora-537

tion et al. 2020), which would be providing a selection of538

candidates for spectroscopy. This project was awarded539

time at the SOAR/Goodman HTS to observe GW op-540

tical candidates discovered during the entire year-long541

O3 run of the LIGO/Virgo campaign. Due to the tran-542

sient nature of GW optical counterparts (KNe), SOAR543

https://gcn.gsfc.nasa.gov/
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Figure 1. LVC sky-localization maps for GW190814; colors indicate confidence probability contours. The top figure is the
initial sky-map, released shortly after event discovery on 2019 August 14. The bottom figure is the final sky-map, released after
further analysis by the LVC collaboration. The locations of each of the 11 objects we describe in this paper are also given.
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DESGW TNS RA(2000) Dec(2000) GCN / ID Mag at band Prob reg Prob reg

ID Name (deg) (deg) discovery initial final

624921 2019nqq 20.95506 -33.034762 25373 / c 20.76 i 90% o

624609 2019nqr 23.573539 -32.741781 25373 / d 18.34 i 80% 90%

624690 2019noq 12.199493 -25.30652 25356 (Pan-STARRS) 19.93 i 30% 30%

624157 2019ntn† 23.722184 -31.380451 25393 (GROWTH) 20.8 i 90% o

626761 2019npw 13.968327 -25.783283 25362 / e 20.5 i 40% 60%

631360 2019num 13.881714 -22.968887 25393 (GROWTH) 21.3 i 90% o

661833 2019ntr 15.007796 -26.714266 25393 (GROWTH) 21.2 z 80% o

625839 2019omx 24.18436 -33.302678 25486 / z 22.1 z 90% o

626956 2019ntp 12.550247 -26.197878 25393 (GROWTH) 21.0 i 50% 60%

631484 2019nte 23.557358 -31.721700 25398 / f 20.95 i 80% o

635566 2019omw 12.234396 -23.170137 25486 / y 22.8 i 50% 80%

Table 1. Candidates found by the DESGW team during the DECam Follow-up of GW190814 that
were then followed up with SOAR ToO observations. The DESGW ID is the internal identification
number while the TNS name comes from the Transient Name Server (https://wis-tns.weizmann.ac.il).
The coordinates are given here in degrees, along with the GCN announcing discovery of the transient.
Magnitude at discovery is given in the band listed. The confidence probability enclosed within the
GW sky-map including the object position is given both for the initial map issued by LVC used
during observing and for the final, smaller map. (The “o” means outside the the 90% sky-localization
probability region.)

† AT2019mbq was accidentally targeted for SOAR spectroscopy instead of the intended target AT2019ntn, and this
accident was not discovered until much later. This mistake has been traced to a copying error during the handoff
of this target from the DECam processing & analysis team to the SOAR observing team. Candidate AT2019mbq is
at RA=10.835384 deg DEC=-25.883880 deg, with a magnitude at discovery of i = 18.75. We note that AT2019mbq
was not originally considered for spectroscopic follow-up since its host galaxy had a too high estimated photo-z
(zphoto = 0.17± 0.05) and since there was evidence of a pre-merger detection for this candidate. As for AT2019ntn,
although no spectrum was taken of it, the fact that it brightened in z-band about 4 days after the merger and the
fact that it lay outside the 90% confidence contour of the LVC final map (Fig. 1) make it unlikely that AT2019ntn
was the optical counterpart.

https://wis-tns.weizmann.ac.il
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spectroscopy must be carried out in ToO mode. We544

requested SOAR/Goodman HTS ToO time in instant545

activation mode for a total of 10 h or at least 4 ToO ac-546

tivations per semester. This way we took advantage of547

the fast survey confirmations from the DECam search &548

discovery program, which could be available within 1 h,549

if the merger happened during the Chilean night. The550

LVC predicted that there would likely be roughly 8 BNS551

mergers and 1 NSBH mergers – the events most likely552

to yield an optical counterpart – over the course of the553

LVC O3 run (Abbott et al. 2017a; Chen et al. 2017).554

Thus we planned to use SOAR to follow up the 2–3 of555

these events likely visible from the Southern Hemisphere556

each observing semester.557

The KN for the GW170817 BNS merger was excep-558

tionally bright and easy to identify. It was expected559

that future events would on average be much farther560

away and thus likely to be much fainter and harder to561

distinguish from other transients (e.g. SNe Ia) in the562

larger volume encompassed by LVC O3 detection thresh-563

olds. We planned to use the SOAR Goodman HTS (1)564

to spectroscopically identify the optical counterpart to565

the GW event from among a small list of candidates566

provided by an initial DECam search & discovery pro-567

gram; (2) once identified, to obtain a higher-S/N optical568

spectrum of the counterpart, suitable for detailed mod-569

eling; and (3) to obtain additional high-S/N spectra of570

the potential KN on successive nights until it was ef-571

fectively too faint for useful follow-up on SOAR. We572

would employ an instrument setup almost identical to573

that of Nicholl et al. (2017), who were able to follow574

the GW170817 KN event at reasonable S/N using the575

Goodman HTS from day 1.5 to day 7.5 after the GW576

trigger. In that case the kilonova faded from magnitude577

i ≈ 18 to 21 over 6 days; they used an integration time578

(IT) of 3 × 900 s with the 400 l/mm grating. Based on579

their Goodman spectra, we anticipated that we could580

achieve the S/N necessary to classify whether a given581

candidate was a true KN or just another transient us-582

ing a single 900 s exposure for i ≤ 19 candidates, a sin-583

gle 1200 s exposure for i ≈ 20 candidates, and a single584

1800 s exposure for i ≈ 21 candidates. We would leave585

fainter candidates to programs on larger telescopes, like586

programs on VLT and Gemini-South.587

We planned following up the list of candidates until588

we either finished the list (finding no KN) or identified589

the optical counterpart. For an identified KN, two ad-590

ditional exposures of the same integration time would591

allow us to build S/N suitable for model fitting. We592

planned continued SOAR follow-up if a confirmed KN593

was brighter than i = 20 mag, requesting interrupts on594

all successive nights until it faded below that value.595

We ran 100,000 simulations of the SOAR search pro-596

gram. An average of 8.79 DECam candidates per LIGO597

event in the magnitude range i = 16–24 was assumed,598

where magnitudes were drawn randomly from the ex-599

pected candidate distribution (see the LC SHAPE row of600

Fig. 2, where the numbers add up to 8.79). To esti-601

mate the time needed, we included not only the ex-602

pected exposure times, but also all relevant overheads603

(e.g., slewing, target acquisition, readout, standard star604

observations, etc.). To compensate for possibly worse605

sky transparencies (Nicholl et al. 2017 found clear skies),606

the science integration times were multiplied by a fac-607

tor of 1.25. The simulations showed that, for a single608

GW event, 50% of the time a SOAR follow-up would be609

completed in 4.3 h (2 ToO interrupts), 95% of the time610

in 6.7 h (3 interrupts), and 100% of the time in 9.5 h611

(4 interrupts). Note that follow-up completion does not612

necessarily mean a guaranteed identification of the op-613

tical counterpart: it may just mean that the list of can-614

didates bright enough to be observed by SOAR was ex-615

hausted without identifying the optical counterpart or616

even that the optical counterpart (if any) was too faint617

to be detected by the DECam imaging. Nonetheless, in618

our time requests, we estimated approximately 10 h per619

GW event to optimize our chances of spectroscopically620

identifying and monitoring a KN with SOAR during621

the LVC O3 run.622

For spectroscopic classification, it was anticipated623

SOAR could go as faint as i = 21. In Figure 2 we624

visually represent the process for DECam search & can-625

didate selection for spectroscopic follow-up. This figure626

shows the expected number of DECam candidates per627

magnitude per square degree in LVC O3, for a typical628

localization area of 60 sq deg. The columns are arranged629

in order of magnitude, with magnitude getting dimmer630

to the right.631

For continued monitoring of the evolution for the opti-632

cal spectrum of an identified KN, it was thought that a633

higher S/N would be required; so additional monitoring634

was planned to be constrained to KNe brighter than635

i = 20. Candidates fainter than i = 21 and confirmed636

KNe fainter than i = 20 would be handed over for larger637

telescopes for spectroscopic follow-up. Via simple timing638

simulations, we estimated the amount of time to obtain639

SOAR spectra for typical KN candidates from a given640

LVC O3 event to take no more than ≈10 hours over the641

course of .5 nights (recalling the maximum ToO “in-642

terrupt” time per night is 2.5 hours) The SOAR team643

would meet with the DECam team once the DECam644

team had a set of candidates.645

To elaborate, in Figure 3, panel A, we present a sim-646

plified flow chart for a simulated SOAR follow-up for647
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the optical counterpart of a single LVC O3 event. Ncand648

is the total number of candidates from an imaging search649

and discovery program – i.e. the expected number of ob-650

jects for which we would need to take spectroscopy from651

SOAR or, for fainter candidates, from other telescopes.652

If we run this flowchart over 100,000 realizations and653

compile the results, we get the histograms in panels B654

& C of Figure 3. Panel B shows the distribution – over655

100,000 simulated realizations – of the total duration656

(in hours) of SOAR ToO interrupt time expected for a657

single LVC O3 event. Likewise, panel shows the distri-658

bution over 100,000 simulated realizations of the total659

number of SOAR interrupts expected for a single LVC660

O3 event.661

4.2. Candidate Filtering for GW190814662

For GW190814, we selected targets for SOAR spec-663

troscopy by reducing the DECam images in real-time664

and monitoring the GCN for objects of interest detected665

by other follow-up teams. In both approaches, one im-666

portant constraint is the brightness of the candidates.667

For accurate spectroscopic classification, we wanted a668

minimum SNR of 5–10 in the collected spectra. There-669

fore in typical observing conditions, with 45 minute670

to 1 hour exposure times, objects fainter than 21.5 i-671

band mag are excluded. However, if the candidate’s672

host galaxy was brighter than the magnitude threshold,673

we targeted the host to obtain a precise redshift of the674

candidate.3675

The candidate selection performed in real-time for the676

SOAR targets differs from the offline candidate selection677

presented in Morgan et al. (2020). One important dif-678

ference is that all potential SOAR targets were selected679

before we began co-adding the DECam images within680

the same night and filter. The cuts applied to select681

spectroscopic targets were:682

1. ALL. Detected in DECam images by the DESGW683

Search and Discovery Pipeline;684

2. DETECTED 2x. At least two detections by685

SExtractor with no errors and with an autoscan686

score of at least 0.7 separated by at least one hour687

(autoscan is a machine learning-based tool for dif-688

ferentiating between image artifacts and real ob-689

jects (Goldstein & D’Andrea 2015));690

3. PHOTO z. If a host-galaxy exists in the DES Cat-691

alog, the estimated photometric redshift and its692

3 We note that the host galaxy for each candidate was identified
by matching the candidate’s coordinates with the DES Y3 galaxy
catalog using both angular and galaxy photo-z information. De-
tails can be found in § 3.3 of Morgan et al. (2020).

error must be consistent with the LVC distance693

mean within three standard deviations;694

4. INSPECTION. Pass visual inspection by the695

DESGW team.696

Whether an object was first reported to the GCN by697

the DESGW team or by another follow-up team, it was698

still required to pass the same set of selection criteria699

prior to being targeted with SOAR. Technical details700

and motivations for these criteria are presented in Mor-701

gan et al. (2020). Remaining objects after the above702

selection criteria were sorted by their single-band aver-703

age rate of change in flux to look for rapidly evolving704

transients. Finally, we triggered SOAR on objects pass-705

ing the criteria and that had not already been ruled out706

by other teams in order of largest flux change to small-707

est flux change4. The selection process for the specific708

case of GW190814 is illustrated in Figure 4.709

In total, 11 objects were targeted with SOAR for ei-710

ther spectroscopic classification of the transient or to ob-711

tain a spectroscopic redshift of the host-galaxy. These712

objects are cataloged in Table 2 and their times of photo-713

metric discovery and spectroscopic follow-up are shown714

visually in Figure 5. We note that the observed rate715

(11 candidates within 48 sq deg) well matches the an-716

ticipated rate (9 candidates within 60 sq deg), and are717

in fact identical within the Poisson errors.718

In Figure 6 we show the expected incidence of each719

of several types of SN during a search for a KN.720

These data come from simulated full light curves us-721

ing the SuperNova ANAlysis software (SNANA; see722

§ 8). The models are the same as in the Photomet-723

ric LSST Astronomical Time-series classification chal-724

lenge (PLAsTiCC, Kessler et al. 2019). We start with725

≈3300 SNe with a distribution of SN types at ran-726

dom points in their light curves – what one might net727

in a typical transient search by DECam covering several728

tens of square degrees – and then apply the selection729

(culling) steps detailed above, in the end yielding about730

a dozen SNe whose imaging and photometric properties731

closely enough mimic that of a KN that they would732

require follow-up spectroscopy (and/or a more robust733

photometry-based technique) to eliminate them as can-734

didates in a KN search. This could be viewed as an735

estimate of the rough contamination rate by SNe in a736

4 Those candidates ruled out by other teams included candidates
observed on the The Gran Telescopio Canarias (GTC; Lopez-
Cruz et al. 2019b; Castro-Tirado et al. 2019; Lopez-Cruz et al.
2019a; Hu et al. 2019), The Southern African Large Telescope
(SALT; Morgan et al. 2020), and The Giant Magellan Telescope
(GMT; Morgan et al. 2020), and in general were too faint for
SOAR ToO follow-up.
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Figure 2. The baseline DECam search & discovery candi-
date selection for spectroscopic follow-up for LVC O3. The
need for a robust classification pipeline to find KNe in O3 —
as was uniquely done for GW170817 in Soares-Santos et al.
(2017) — is shown here in the (i-band) magnitude distribu-
tion of all transient candidates expected to be found by a
DECam search & discovery imaging sequence for a typical
BNS GW trigger in LVC O3, assuming a typical search area
of 60 sq deg (e.g., see Scolnic et al. 2018). The first row
(“ALL’’), which corresponds to the magenta histogram, is
the distribution of candidates expected to be output from
the DECam Difference Imaging Pipeline. In these simula-
tions, we rejected moving objects and artifacts by requiring
>2 observations (“N OBS’’) and machine learning classifica-
tion score >0.7 (“ML SCORE’’), rejected candidates with host
galaxies at z > 0.2 (“HOST’’), and performed a color cut us-
ing the fact that, unlike SNe, the early evolution of a KN
is black body-like (“COLOR’’); as detection of a rising light
curve would immediately pin-point the target, we applied a
reduction of 25% assuming that, given DECam scheduling
constraints, we would be able to get 2 epochs at <24h from
merger for 1 in 4 events (“LC SHAPE”). Thus, this last row
(“LC SHAPE”), which corresponds to the cyan histogram, is
the expected distribution of candidates remaining after all
the image-level culling procedures have been run. (Note:
the numbers listed below the plot are the total per magni-
tude bin for the full 60 sq deg search area; the y-axis of the
plot, however, is the number per magnitude bin per square
degree. Also note: the results shown in the above plot and
histogram are based on multiple simulations covering areas
larger than 60 sq deg; scaling to a 60 sq deg localization area
and averaging over the multiple simulations means that the
numbers in these bins are not integers [e.g., why the number
of candidates in the i = 21 bin in the “ALL” row is 875.68
and not, say, exactly 875].)

real-time imaging search using similar candidate selec-737

tion criteria. Finally, it is interesting to note that the738

distribution of SN types is very similar between the739

sample of 3346 SNe that were rejected by the above740

selection steps and the sample of a dozen SNe that suc-741

cessfully passed through all these steps. In other words,742

the selection steps do not seem to favor or disfavor any743

particular SN type.744

5. SOAR OBSERVATIONS745

In the following section (§5.1) we provide details of746

our ToO triggers and real-time (not final) classifica-747

tions in search of the optical counterpart of GW190814.748

We explain how the methods described in §4 were ex-749

ecuted when our SOAR 2019B ToO program was trig-750

gered to observe candidates for an optical counterpart751

of GW190814.752

5.1. GW190814 candidate observations753

Based on input from the DECam search & discov-754

ery program, we developed a list of candidates for spec-755

troscopy as described in the previous section. For the756

objects possible to observe each night we developed757

nightly webpages with information on object airmasses,758

finding charts and other information that would be re-759

quired once our ToO time began. On each night we760

issued a ToO interrupt, there were several possible kilo-761

nova candidates that could be observed. The selection of762

which ones were to be targeted for the night was based763

on observing conditions (e.g. low airmass) and brightest764

magnitude.765

In order to complete data processing in real time, we766

employed a custom-made reduction pipeline that we de-767

veloped, a Jupyter notebook we call the SOAR Good-768

man Quick Reduce ( see § 8), to obtain quick results im-769

mediately after the data are transferred from the SOAR770

telescope machines. The preliminary processing consists771

of a quick reduction of the spectra using an arc-lamp772

wavelength calibration frame and a calibration from a773

standard star taken at the start of ToO observing. This774

publicly available Jupyter notebook takes the 2D spec-775

trum, extracts the 1D spectrum, and performs basic776

wavelength and spectrophotometric calibration with rel-777

atively simple and straightforward inputs. With a little778

practice, it is time-competitive with just using the IRAF779

implot task – but with the added advantage of provid-780

ing a quick calibrated spectrum. Generally, a “by eye”781

check of the calibrated spectrum indicates whether or782

not a candidate is a KN – usually due to the disquali-783

fying presence of one or more relatively sharp emission784

lines or the spectral features of an SN – but, even so,785

each calibrated spectrum was also sent that same night786

to one of our SN-fitting experts, who would fit the spec-787

trum to SN model spectra. The resulting spectra were788

intended to be analyzed with fast classification tools (see789

below) and the spectroscopic class and redshift of the790

transient to be published promptly to the community791

via a GCN circular. The list of objects for which spec-792
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Figure 3. (A) A simplified flow-chart for a single realization of a simulated SOAR follow-up of a single GW event, where
Ncand is the total number of candidates from an imaging search & discovery program. For the simulations here, Ncand is either
8 or 9, but averages overall to 8.79. The distribution of i-band magnitudes for the candidates is drawn from the “LC SHAPE”
row in Fig. 2, and the overall average number of candidates (8.79) is just the sum of the entries in the “LC SHAPE” row. (B)
Results of the simulation (using 100,000 realizations): histogram of the total durations of SOAR ToO interrupt time [in hours]
for a single LVC O3 event. (C) Results of the simulation (using 100,000 realizations): histogram of the total number of SOAR
ToO interrupts for a single LVC O3 event. (Note that the number of interrupts does not scale exactly as the total duration
of interrupt time, since the number of hours per interrupt will vary between the “search & discovery” phase and the follow-up
phase of the observations for a given KN event.)

tra were taken, along with initial redshift and SN clas-793

sifications and the GCNs the DESGW SOAR observing794

team issued, is given in Table 2.795

To avoid fatigue, the DESGW SOAR spectroscopy796

task force was divided into four teams – a team based797

in Brazil (PI M. Makler), a team based in Chile (PI F.798

Olivares), a team based at UC-Santa Cruz (PI C. Kil-799

patrick), and a team based at Fermilab (PI D. Tucker) –800

each team signing up for multiple 2-week shifts through-801

out the course of LVC O3. Our default plan was to use802

the Goodman HTS Blue camera, the 400 l/mm grat-803

ing in its M1 configuration, and a slit width of 1 arc-804

sec, to yield a wavelength range of roughly 3000Å to805

7050Å at a resolution of R ∼ 930 (e.g., see Nicholl et al.806

2017), but, if the night’s main program that our ToO807

was interrupting was using a roughly similar configura-808

tion, we could also use that instead, minimizing issues809

with switch-overs from and to the main program.810

5.1.1. Observations811

We issued ToO interrupts on 2019 August 16, 20, 26,812

28, and 31 (start dates, based on local time). On sev-813

eral other nights we attempted to conduct ToO obser-814
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Figure 4. The DECam search & discovery candidate se-
lection for spectroscopic follow-up for GW190814. Whereas
Fig. 2 provided the typical distribution of DECam candi-
dates expected for a typical LVC O3 BNS merger, here
we show the corresponding i-band magnitude distribution
of all transient candidates observed and visually inspected
and identified within the observed area by DECam across
the selection criteria of §4.2 specifically for the GW event
GW190814. The final 11 candidates targeted with SOAR
compose the cyan histogram and the ‘‘INSPECTION’’ row;
4 other candidates, which were in the i = 21 − 22 range,
were observed by other telescopes and are omitted from the
cyan histogram and ‘‘INSPECTION’’ row. Note that at the
time of SOAR follow-up on three of these transients, their
magnitudes had faded below the SOAR detection limit, so
we observed their host galaxies to measure their redshifts.
(Note: the numbers listed below the plot are the total per
magnitude bin for the full 48.0 sq deg search area; the y-axis
of the plot, however, is the number per magnitude bin per
square degree.)

vations, but found skies to be too cloudy to effectively815

observe and so we canceled the ToO interrupts. During816

the course of the August 2019 observations, the Fer-817

milab and Chilean teams were on shift. In addition,818

spectra were taken for us by SOAR scientific staff dur-819

ing the SOAR engineering nights of September 13 (host820

galaxy for AT2019nte) and October 17 (host galaxy of821

AT2019omw). This information and the GCNs issued822

are summarized in Table 2.823

In Figure 5 we graphically summarize our sequence824

of observations. In this figure we show a set of time-825

lines indicating the dates of discovery and SOAR spec-826

troscopy of each of the candidates we observed, using827

a log scale for the x-axis. The first mark (red circle)828

on each timeline is the MJD of the GW190814 merger829

event. The second mark (blue square) is the date of dis-830

covery in DECam observations. The third mark (green831

triangle) indicates the date of SOAR spectroscopy. Ver-832

tical lines are also included that show the date of DE-833

Cam observations, as described in Morgan et al. (2020).834

The marks denoting SOAR spectroscopy of AT2019nte,835

AT2019omw, and AT2019omx, are unfilled, indicating836

Figure 5. Observational timelines for each KN candi-
date. All dates are shown as number of days (∆MJD) since
58709.00, MJD corresponding to August 14, 2019, the day
GW190814 was detected. The time of the NSBH merger
event at MJD 58709.88 is shown (using a red circle) on each.
The date of transient discovery is shown as a blue square.
The date of SOAR spectroscopy is shown as a green triangle
for each KN candidate (open triangles indicate that spec-
troscopy was only done for the host galaxy). Vertical lines
show beginning time of DECam observations.

that we did not take spectroscopy of the transient but837

of the host galaxy only. We report redshifts of these838

host galaxies in Table 2. The horizontal axis is given in839

∆MJD, time in days since MJD 58709.840

Even though none of these 11 candidates were deter-841

mined to be the optical counterpart of GW190814, these842

results will permit important upper limits to be estab-843

lished in preparation for future searches for the optical844

counterparts of these types of mergers (see next section).845

6. RESULTS & DISCUSSION846

In this section, we cover our final results from our847

SOAR observations of the GW190814 candidates. In848

§ 6.1 we describe the full reduction and analysis of spec-849

tra and present the spectra themselves. In § 6.2 we850

present classifications of the supernovae and consider851

our methods of analysis. In § 6.3 we fit each spectrum852

with Kasen et al. (2017) KN models; as nearly all were853

found to be an SN, the KN models are generally not854

good fits. In § 6.4, we discuss the 3 candidates for which855

we only obtained spectra for the host galaxy and the856

likelihood that either of these 3 candidates could be the857

optical counterpart for GW190814. Finally, in § 6.5 we858
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Figure 6. Predictions of the relative incidence of each of several types of SN within a spectroscopic follow-up KN candidate
sample post DECam processing & analysis. The predictions are based on simulated data using SNANA light-curves and PLAs-
TiCC models and run through the selection steps of Morgan et al. (2020). The blue histogram shows the relative distribution
of SNe that were rejected by the selection steps; the orange histogram, the relative distribution of SNe that survived (i.e. were
selected by) all the selection steps. Similar relative sizes of bars indicates no bias towards any particular SN type. The error
largely comes from the Poisson counting statistics.

Candidate Night GCN Classification Source Classification Redshift

AT2019nqq Aug 16 25379 Astrodash Type Ic-broad SN 0.3257

AT2019nqr Aug 16 25379 Astrodash Type IIb SN 0.0888

AT2019noq Aug 20 25423 SNID Type IIP SN 0.07

AT2019mbq Aug 20 25423 SNID Type Ia-CSM SN 0.10

AT2019npw Aug 26 25484 Astrodash Type IIb SN 0.163

AT2019num Aug 26 25484 Astrodash Type IIP SN 0.113

AT2019ntr Aug 28 25540 Astrodash Type II-L SN 0.2

AT2019omx Aug 28 25540 Hα emission line host galaxy 0.275?

AT2019ntp Aug 31 25596 Astrodash Type Ic-BL SN 0.3284

AT2019nte Sep 13 25784 Hα/[NII] emission lines host galaxy 0.0704?

AT2019omw Oct 17 N/A Hα emission line host galaxy 0.0467?

Table 2. Initially reported data for the 11 candidates described in this paper.
Data include candidate name as assigned by the Transient Name Server, night
of observation, GCN in which spectral results were reported, source of initial
classification and redshift, initial classification and initial redshift. These are the
values reported in the GCNs. (No GCN was submitted for AT2019omw.) These
values were updated after full reduction and processing of data. Updated values
are given in Table 3. (Astrodash and SNID are SN spectrum fitting codes; see
§ 6.2 and § 8. Which fitting code was used in this initial classification for a given
candidate depended heavily on which team member was available on that night
to perform the classification, and the team member’s preference.)

∗Redshift of the host galaxy.

Note—Night=civil date of the start of the night of observation, the NOAO convention of
designating an observing night. The asterisk to the right of several z values indicates that
this is redshift for the host galaxy, as the transient was too dim to observe.



16

Table 3. Final results for the 8 transients and the 3 host galaxies for which we took spectra. Results include name
from the Transient Name Server and the S/N of the spectrum calculated using the 6000-6100 Å region. Then
we report the outputs from AstroDash and SNID, respectively, including SN type, rlap values, redshift, and
absolute magnitude (at DECam discovery; see Table 1). For spectra with S/N < 5 and for fits with rlap < 6.0
(AstroDash) or rlap < 5.0 (SNID), the classification may be unreliable.

AstroDash SNID Comments

Name / ID S/N Type rlap z Mabs Type rlap z Mabs

AT2019nqq† 2.4 Ia-csm 0.14 0.071 −16.8 IIn 5.3 0.070 −16.8 SNID preferred

AT2019nqr 32.6 Ia-csm 9.97 0.086 −19.6 Ia 4.36 0.101 −20.0 Seyfert 2 AGN @ z = 0.083

AT2019noq 7.7 IIn 19.55 0.074 −17.7 IIP 13.11 0.072 −17.6 AstroDash preferred

AT2019mbq† 23.1 IIn 15.96 0.102 −17.6 Ia 12.09 0.110 −17.8 AstroDash preferred

AT2019npw 6.4 IIP 4.76 0.148 −18.7 IIP 6.44 0.148 −18.7 SNID preferred

AT2019num† 7.5 IIL 7.95 0.123 −17.5 IIb 6.96 0.149 −18.0 AstroDash preferred

AT2019ntr† 1.8 Ic-broad 0.81 0.224 −19.0 Ia 4.01 0.861 −22.5 None preferred; unknown

AT2019omx∗† 2.3 ... ... ... ... ... ... ... ... host galaxy @ z = 0.275 (Mabs = −18.7)

AT2019ntp 11.8 Ia-pec 6.44 0.116 −17.7 Ia 12.22 0.114 −17.6 SNID preferred

AT2019nte∗† 5.8 ... ... ... ... ... ... ... ... host galaxy @ z = 0.0704 (Mabs = −16.6)

AT2019omw∗ 1.8 ... ... ... ... ... ... ... ... host galaxy @ z = 0.0467 (Mabs = −13.8)

∗Only the spectrum of the host galaxy was obtained; so it was not fit by either AstroDash or SNID.

† This candidate lies outside the 90% confidence probability contours of the final LVC map for GW190814; see Fig. 1.
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Figure 7. Histograms of the redshifts of the eleven candi-
dates, using final preferred results from Table 3. The top
panel is for the 8 transient targets alone, the middle panel
is for for the 3 host galaxy targets alone, and the bottom
panel is for all 11 SOAR targets combined (transients and
host galaxies together).

consider lessons learned in LVC O3 that can be applied859

as we prepare for LVC observing season O4.860

6.1. Spectral data from SOAR Telescope861

For the final reduced spectra (shown in Figs. 8 – 18)862

— unless otherwise noted5 — we employed the UCSC863

spectral pipeline (link to Github repository in § 8). This864

pipeline consists of the standard steps for the process-865

ing of optical spectroscopic data: bias subtraction, flat866

fielding, extraction of the 1D spectrum and flux and867

wavelength calibration against a standard star, typically868

a Hamuy Tertiary Standard Star (Hamuy et al. 1992,869

1994). These more careful reductions, performed later,870

are the same as those used in the recent GW190914 om-871

nibus paper by Kilpatrick et al. (2021).872

6.2. SN Classifications873

Offline analysis of the spectra we obtained was per-874

formed using the public codes Super Nova IDentifica-875

tion (SNID; Blondin & Tonry 2007) and Deep Auto-876

mated Supernova and Host classifier (DASH, a.k.a., As-877

troDash; Muthukrishna et al. 2019) (see § 8). SNID is a878

5 For the final reduced spectra for the host galaxies of AT2019nte
and AT2019omw, we made use of standard IRAF reductions pro-
vided by the SOAR science staff.

template fitting method based on the correlation tech-879

niques by Tonry & Davis (1979). AstroDash is a deep880

convolutional neural network used to train a matching881

algorithm. These analysis tools provide spectral match-882

ing, which allowed us to classify our spectra by means883

of a comparison against a spectral library of transients884

and other astrophysical sources. We chose these codes885

as SNID has been used extensively by the community886

and AstroDash makes use of a powerful deep learning887

technique. We discuss below the importance of using888

more than one SN typing package to check results.889

For our AstroDash fits of the spectrum of each can-890

didate, we applied an AstroDash smoothing length of 3891

(unless otherwise stated), and we left the redshift a free892

parameter. We then visually inspected the 20 best SN893

template fits for that candidate, choosing the top two894

for further consideration. (The top two fits based on895

visual inspection also typically had among the highest896

rlap values of the 20 best fits.6) Unless there were other897

relevant considerations (e.g., the putative epoch in the898

light curve at which the spectrum was obtained), the899

SN template spectrum with the higher of the two rlap900

values was chosen as the final best fit.901

For our SNID fits of the spectrum of each candidate,902

we applied the default SNID smoothing length of 1 pixel,903

and, as with our AstroDash fits, we also fit for the red-904

shift. We visually inspected the top 5 SN template fits905

for each candidate, but in the end chose the one with906

the highest rlap as our SNID classification.907

In Table 3 we present final measurements from As-908

troDash and from SNID for the 8 transients of which909

we took spectra. (For completeness, we also include in-910

formation on the 3 candidates for which we only ob-911

tained host galaxy spectra: AT2019omx, AT2019nte,912

and AT2019omw). These results are based on the fi-913

nal reduced spectra. This table includes classification,914

the redshift, and a measure of the goodness of fit (rlap)915

from these two SN spectrum fitting codes. We kept916

redshifts as free parameters in the fitting; the photo-917

metric redshifts of the host galaxies were used during918

the selection process of candidate objects discussed in919

§ 3.920

The distribution of the redshifts from the preferred fits921

in Table 3 is given in Figure 7; as expected, transients922

6 rlap is a measure of the quality of the fit that combines the
correlation between the observed and the template spectrum with
the amount of overlap in lnλ-space between the observed and the
template spectrum. The higher the value of rlap, the higher the
quality of the fit. For the detailed definition, see Blondin & Tonry
(2007).
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AT2019noq

Finding Chart DECam light curve

Fit to SN spectrum templates Fit to KN spectrum models

Figure 8. Top Left: The thumbnail finding chart (using the DECam imaging) for the AT2019noq KN candidate; the location
of the candidate is marked by a small yellow circle. Top Right: the candidate’s i- and z-band light curves from DECam
photometry; the vertical dashed green indicates when SOAR spectroscopy was obtained. Bottom Left: Observed and best-
fit SN model spectrum for the candidate object. Light blue is the processed, calibrated, and continuum-subtracted observed
spectrum; dark grey is the best-fit SN model from AstroDash; and light grey is the best-fit SN model from SNID. In the panel
we provide the best-fit SN type and redshift from the two codes. Bottom Right: Observed and best-fit model KN spectra for
the candidate objects. Light blue is the processed and calibrated observed spectrum; black is the best fit Kasen et al. (2017)
KN model. In the panel we provide the best-fit value of the redshift, zbest. Unlike in AstroDash/SNID fits plot, the continuum
has not been subtracted. Also, a slightly different smoothing technique is used for the SN fits and for the KN fits.

were found over a range of redshifts with a predominance923

of lower-z objects.924

In Figures 8–18, we provide the following information925

for each candidate: a thumbnail finding chart containing926

the host galaxy and marking the location of the tran-927

sient; the DECam-based i- and z-band light curves for928

the transients; and the final reduced observed spectrum.929

For the candidates for which we only obtained the host930

galaxy spectrum,7 that is the sum of what we show in931

these figures. For candidates for which we took a spec-932

trum of the transient candidate itself, we also include the933

best-fit SN templates from AstroDash and SNID and the934

best-fit KN model from Kasen et al. (2017) overplotted935

on the final reduced observed spectrum. As shown be-936

7 Note that, within the 2.5 hour time constraint of a SOAR ToO
interrupt, we were basically confined to observing targets that
were i .21.5; so, in some cases – especially for the later targets –
we instead obtained spectra of the candidate’s host galaxy as a
means of excluding the target by its redshift: i.e., if the redshift of
the candidate’s host galaxy is substantially discrepant from the
redshift expected for the luminosity distance of the GW event
(zGW = 0.059 ± 0.011), we can exclude that candidate.
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Figure 9. Same as Fig. 8 except for the AT2019mbq KN candidate.

low, the interplay of these different types of data often937

helped in the final classification of a given candidate.938

6.2.1. AT2019noq939

For AstroDash, our two best fits were a z = 0.074940

SN IIn 42–46 days past maximum light (rlap = 19.55)941

and a z = 0.079 SN IIP 2-6 days past maximum light942

(rlap = 19.31). The DECam light curve was relatively943

flat over the period it was observed (Fig. 8); so we chose944

the SN IIn classification as more likely. For SNID, our945

best fit was a z = 0.072 SN IIP 9.8 days past maximum946

light (rlap = 13.11). Due to its higher rlap value, the947

AstroDash fit is preferred; see Figure 8.948

6.2.2. AT2019mbq949

Recall that a spectrum of AT2019mbq was mis-950

takenly observed by SOAR (the original target was951

AT2019ntn), and that there was evidence of a detec-952

tion of AT2019mbq before the GW190814 merger event,953

making it highly unlikely that AT2019mbq is the optical954

counterpart.955

For AstroDash, our two best fits were a z = 0.102956

SN IIn 46–50 days past maximum light (rlap = 15.96)957

and a z = 0.103 SN IIn 42–46 days past maximum light958

(rlap = 14.92). The difference between the two clas-959

sifications was small, and the DECam light curve pro-960

vided no strong motivation to choose one over the other961

(Fig. 9); so we chose the template with the higher rlap962

(a z = 0.102 SN IIn 46–50 days past maximum light) as963

more likely. For SNID, our best fit was a z = 0.110 SN Ia964

45.9 days past maximum light (rlap = 12.09). Despite965

the SNID fit’s relatively high rlap value, a visual in-966

spection of both the AstroDash and the SNID spectral967

fits (Fig. 9) leads us to prefer the AstroDash fit.968

6.2.3. AT2019npw969

For AstroDash, our two best fits were a z = 0.148970

SN IIP 18–22 days past maximum light (rlap = 4.76)971

and a z = 0.147 SN IIP 22–26 days past maximum light972

(rlap = 4.72). The difference between the two classifi-973

cations was small, and the DECam light curve provided974

no strong motivation to choose one over the other; so we975

chose the template with the higher rlap (a z = 0.148976
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Figure 10. Same as Fig. 8 except for the AT2019npw KN candidate.

SN IIP 18–22 days past maximum light) as more likely.977

The relatively low rlap values (rlap < 6), however, are978

of some concern. For SNID, our best fit was a z = 0.148979

SN IIP 44.3 days past maximum light (rlap = 6.44).980

Due to its higher rlap value, the SNID fit is preferred,981

see Fig. 10.982

6.2.4. AT2019num983

For AstroDash, our two best fits were a z = 0.123984

SN IIL 6–10 days past maximum light (rlap = 7.95)985

and a z = 0.239 SN Ibn 22–26 days past maximum986

light (rlap = 0.4). Since the DECam light curve for987

this candidate is rising noticeably 10–6 days before the988

SOAR spectrum was obtained (Fig. 11), it appears that989

this candidate is a likely a young SN; that, combined990

with the substantial difference in rlap values led us to991

choose the z = 0.123 SN IIL 6–10 days past maximum992

light template as the more likely classification. (We note993

that, for AT2019num, we used a smoothing length of 6994

instead of 3 for our AstroDash fits.) SNID, our best fit995

was a z = 0.149 SN IIb, 17.3 days before maximum light996

(rlap = 6.96). Due to its higher rlap value (and the997

relative rarity of catching a SN so early before maximum998

light), the AstroDash fit is preferred; see Figure 11.999

6.2.5. AT2019ntr1000

For AstroDash, our two best fits were a z = 0.2241001

SN Ic-broad near maximum light (between 2 days before1002

and 2 days after peak; rlap = 0.81) and a z = 0.2641003

SN Ia-csm 6–10 days past maximum light (rlap = 0.76).1004

The DECam light curve seems to be slightly rising 11–81005

days before the SOAR spectrum was taken (Fig. 12),1006

indicating a relatively young SN. Due to the low S/N1007

of the spectrum (1.8) and the poor rlap values for the1008

fits, we are reluctant to assign a classification based on1009

the AstroDash fits; that said, the z = 0.224 SN Ic-broad1010

template near maximum light appears to be marginally1011

better.1012

For SNID, our best fit was a z = 0.861 SN Ia 11.2 days1013

before maximum light (rlap = 4.01). Given a discovery1014

z-band magnitude of 21.2 (Table 1), a redshift of z =1015

0.861 implies a z-band absolute magnitude of roughly1016

Mabs = −22.5, or substantially more luminous than a1017
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Figure 11. Same as Fig. 8 except for the AT2019num KN candidate.

typical SN Ia (Richardson et al. 2014). We therefore1018

view the SNID fit as unreliable.1019

Due to the noisiness of this spectrum and the problems1020

with both the AstroDash and the SNID fits, we prefer1021

neither the AstroDash nor the SNID classifications. We1022

therefore view AT2019ntr’s spectral classification as un-1023

known; see Figure 12. In hindsight, AT2019ntr would1024

have been a natural candidate for additional spectroscopy1025

with a larger telescope.1026

6.2.6. AT2019ntp1027

For AstroDash, our two best fits were a z = 0.1161028

SN Ia-pec 34–38 days past maximum light (rlap = 6.44)1029

and a z = 0.331 SN Ic-Broad 26–30 days past maxi-1030

mum light (rlap = 4.35). The DECam light curve pro-1031

vided no strong motivation to choose one over the other1032

(Fig. 13); so we chose the template with the higher rlap1033

(a z = 0.116 SN Ia-pec 34–38 days past maximum light)1034

as more likely. For SNID, our best fit was a z = 0.1141035

SN Ia 45.8 days past maximum light (rlap = 12.22).1036

Due to its higher rlap value, the SNID fit is preferred;1037

see Figure 13.1038

6.2.7. AT2019nqr1039

For AstroDash, our two best fits were a z = 0.0861040

SN Ia-csm 46-50 days past maximum light (rlap = 9.97)1041

and a z = 0.086 SN IIn 46–50 days past maximum light1042

(rlap = 7.85). We chose the template with the higher1043

rlap value as the better fit, despite that none of the1044

SN templates did a reasonable job at fitting the narrow-1045

but-strong emission lines at the observed wavelengths1046

of 5371Å and 5422Å, and despite that the DECam light1047

curve indicated that the transient may have been near a1048

maximum brightness when the spectrum was observed.1049

For SNID, our best fit was a z = 0.101 SN Ia 5.7 days1050

past maximum light (rlap = 4.36). In the end, due to1051

this candidate’s central location in a spiral galaxy and a1052

spectrum that well fits that of a Seyfert 2 at z = 0.083,1053

we classify AT2019nqr as a Seyfert 2 AGN; see Figure 14.1054

6.2.8. AT2019nqq1055

For AstroDash, our two best fits were a z = 0.0711056

SN IIn 14–10 days before maximum light (rlap = 0.57)1057

and a z = 0.071 SN Ia-csm 6–10 days past maximum1058

light (rlap = 0.14). The DECam light curve appears1059
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Figure 12. Same as Fig. 8 except for the AT2019ntr KN candidate.

to show a very slight fading over the short time it was1060

monitored before the spectrum was taken (about 1 day1061

before SOAR spectrum was obtained; Fig. 14); so we1062

chose the second template (a z = 0.071 SN Ia-csm 6–101063

days past maximum light) as more likely, even though1064

it has a lower rlap. We note that the observed spec-1065

trum contains a prominent Hα emission line redshifted1066

to 7028Å and a less prominent [O III] 5007 emission1067

line redshifted to 5362Å, and an even less prominent Hβ1068

emission line redshifted to 5205Å. For SNID, our best fit1069

was a z = 0.070 SN IIn 50.2 days past maximum light1070

(rlap = 5.3). Due to its higher rlap value, the SNID1071

fit is preferred; see Figure. 15.1072

We note that AT2019nqq was one system for which we1073

could compare results from another facility. It was also1074

observed by the GTC 10.4m (GCN25419), classified as a1075

Type IIP SN at 4 days post maximum with zhost=0.071.1076

Although the type classification differs from our result1077

for this system (Type IIn SN), the redshift estimate is1078

consistent with ours.1079

In closing, we found that some classifications from1080

both AstroDash and SNID might be inconclusive. For1081

one case, AT2019ntr, this is probably related to the low-1082

S/N spectrum, in which the low value of rlap from1083

both SNID and AstroDash points towards a poor fit. It1084

is also worth re-iterating that our methods of choosing1085

the best fits differed for the two packages: for Astro-1086

Dash, we depended more on a visual inspection of the1087

20 models with the highest rlap values; for SNID, we1088

basically chose the model with the highest rlap value.1089

This can lead to different classifications for the same ob-1090

ject. In general, for a fit of a relatively high S/N spec-1091

trum (S/N ≥ 5) and a relatively high value for rlap1092

(≥ 6.0 for AstroDash; ≥ 5.0 for SNID), we view the1093

classification (AstroDash or SNID) with the higher the1094

value of rlap as the preferred classification; in cases of1095

a low S/N spectrum (S/N < 5), we view neither Astro-1096

Dash’s nor SNID’s classification as particularly reliable.1097

These results enhance the importance of using multiple1098

methods to perform spectral classification.1099

6.3. Spectral fitting with KN models1100
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Figure 13. Same as Fig. 8 except for the AT2019ntp KN candidate. (Due to the additional smoothing in the SN-fitting plot,
the strong narrow emission line seen in the KN-fitting plot is mostly washed out.)

KNe are expected to produce quasi-blackbody radi-1101

ation. They are expected to have a rapidly changing1102

lightcurve, a luminosity consistent with nuclear rapid1103

neutron capture (r-process) heating, and a long-lived in-1104

frared emission. Analysis of the spectrum of AT2017gfo1105

(the KN associated with GW170817) showed emission1106

from both light r-process and heavy r-process compo-1107

nents which led to a spectrum that appears as a super-1108

position of two blackbodies at different temperatures.1109

At early times the spectra are mostly featureless, while1110

at later times there are distinct features in the infrared.1111

For our analysis, we used the set of synthetic kilo-1112

nova spectra by Kasen et al. (2017) ( see § 8). This1113

set of Kasen et al. (2017) models covers a regularly1114

sampled grid in parameter space of ejecta mass (M =1115

0.001−0.1M�), ejecta velocity (vkin = 0.03−0.40c), and1116

ejecta lanthanide mass fraction (Xlan = 10−9 − 10−1).1117

At each of these grid points in (M ,vkin,Xlan)-space is a1118

time series of synthetic spectra spaced in units of 0.1 day1119

from ≈2 days pre-merger out to ≈25 days post-merger.1120

Each of these synthetic spectra covers a rest-frame wave-1121

length range from the ultraviolet (≈ 150Å) through the1122

infrared (≈ 10µm).1123

We took the processed and calibrated observed spec-1124

trum for each of our KN candidates and performed1125

a least-squares fit to the Kasen et al. (2017) grid of1126

synthetic spectra for the appropriate time post-merger1127

when the candidate’s spectrum was observed. In this fit,1128

the redshifts of the synthetic spectra were also allowed1129

to float within a 1σ range centered on the estimated red-1130

shift of the LVC source (z = 0.059 ± 0.011), yielding a1131

best-fit spectrum at a best-fit redshift.1132

In Figure 8 – 15 we show the results of these fits for1133

our sample of observed KN candidate spectra. With1134

the possible exception of AT2019ntr, none of these can-1135

didates have an observed spectrum that is a particularly1136

good fit to the Kasen et al. (2017) models – mostly due1137

to the appearance of one or more strong emission fea-1138

tures in the observed spectrum – which is consistent1139

with our conclusion that none of these objects is a KN,1140

but rather each is an SN from one of several types.1141

What of AT2019ntr? For this object the best-fit red-1142
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Fit to an AGN spectrum template

Figure 14. Same as Fig. 8 except for the AT2019nqr KN candidate. We also show the best fit to AGN template spectra,
which is that of a Seyfert 2.

shift (zb = 0.049) is on the low end, but still within1143

the 1σ errors from the redshift based on the original1144

LVC O3 distance estimate (z = 0.059 ± 0.011). Fur-1145

thermore, this is one of the cases where the AstroDash1146

and SNID fits are both poor (low rlap) and inconsis-1147

tent with each other (see Table 3). So, is AT2019ntr1148

the optical counterpart to GW190814? Unfortunately,1149

we cannot provide a definite conclusion based on the1150

SOAR data alone. As it turns out, though, it is unlikely1151

that AT2019ntr is the KN we were seeking: first, its1152

sky coordinates lie outside the final LVC 90% confidence1153

contour for GW190814 (see Fig. 1); secondly and more1154

importantly, in their analysis of the DECam data for1155

these candidates, Morgan et al. (2020) applied a light-1156

curve-based machine (ML) classifier – a combination of1157

Sako et al. (2011)’s PSNID fitting code and a random1158
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Figure 15. Same as Fig. 8 except for the AT2019nqq KN candidate. We also show the best fit to AGN template spectra,
which is that of a Seyfert 2.

forest classifier – to the photometric time series data1159

for AT2019ntr, and this yielded a 96% probability that1160

AT2019ntr is an SN.1161

Finally, it might be asked whether it would not be1162

more efficient to add the Kasen templates into Astro-1163

Dash/SNID so one could directly compare the likelihood1164

that an object is a classical SN vs. a KN. One of the first1165

things AstroDash/SNID does is to fit the continuum of1166

the spectrum and remove it. KN spectra – especially1167

early on in their light curves – are continuum dominated,1168

with few prominent emission/absorption features. Thus,1169

there would be little left to fit in the case of the KNe1170

models. Maybe a version of AstroDash/SNID that did1171

not subtract off the continuum during the fit would1172

work, but that would be a future project.1173
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Figure 16. Top Left and Top Right: Same as Fig. 8 except for the AT2019omx KN candidate. Bottom Left : The spectrum
of the host galaxy.

6.4. Spectra of Host Galaxies1174

Finally, there were three candidates which were too1175

faint for us to target effectively with SOAR (AT2019nte,1176

AT2019omw, AT2019omx). We instead targeted the1177

host galaxy, with the idea that, if the host galaxy’s red-1178

shift was significantly discordant with that of the dis-1179

tance estimated from the GW signal, that would rule out1180

that candidate as a possible counterpart to GW190814.1181

We found that only one (AT2019omx) had a truly dis-1182

cordant redshift (z = 0.275); see Figure 16. The host1183

galaxies of the other two candidates, AT2019nte (z =1184

0.070; Fig. 17) and AT2019omw (z = 0.047; Fig. 18)1185

have redshifts that are consistent with the redshift corre-1186

sponding to the GW distance at about the 1σ level. As it1187

turns out, in the end both AT2019nte and AT2019omw1188

failed the DESGW Search & Discovery offline imaging1189

pipeline criteria for a good candidate: AT2019nte be-1190

cause it did not meet a sufficiently high detection thresh-1191

old in the DECam imaging, and AT2019omw because it1192

did not survive the offline visual inspection of candi-1193

dates (Morgan et al. 2020). Thus, we consider all three1194

of these candidates as being ruled out.1195

6.5. Lessons Learned from DESGW Spectroscopy in1196

O31197

One of final results we would like to discuss are those1198

of “lessons learned” during the concerted effort by the1199

DESGW imaging and spectroscopic follow-up teams1200

during the follow-up of GW190814 candidates, partic-1201

ularly as the spectroscopic follow-up of this LVC event1202

may be viewed as a template for future spectrosopic1203

follow-ups in LVC O4 and beyond, since, as the LVC1204

becomes increasingly more sensitive, the optical coun-1205

terparts of future LVC events will likely be relatively1206

distant and faint, unlike the very nearby and bright BNS1207

KN GW170817.1208

First, we found that our SOAR spectroscopic follow-1209

up effort benefited from being a loose confederation of1210

semi-independent teams that could operate the tele-1211

scope remotely: a team based at Fermilab, a team based1212

at University of California - Santa Cruz, a team based in1213
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Figure 17. Same as Fig. 16 but for the AT2019nte KN candidate. (The vertical purple line in the light-curve plot is just a
very large error bar for the z-band observation.)

Chile, and a team based in Brazil. Each of these teams1214

signed up to be “on-call” for 2-week blocks throughout1215

LVC O3. The team “on-call” when an LVC O3 alert1216

went out would have the responsibility for preparing and1217

carrying out any SOAR spectroscopic follow-up during1218

their watch. That said, the “on-call” team could request1219

help from the other teams, and the other teams were wel-1220

come to follow along during the night of a follow-up ob-1221

servation. In the case of GW190814, the Fermilab team1222

was the on-call team for most of the time of the spec-1223

troscopic follow-up, but other teams also provided help1224

during Fermilab’s time block (in particular, the Chilean1225

team took over a couple nights when the Fermilab team1226

was unable to observe). This relatively loose structure of1227

our spectroscopic follow-up effort seemed to work well,1228

especially over the full course of LVC O3.1229

Second, especially as SOAR is primarily run as a re-1230

mote observing facility, it is vital to have good commu-1231

nications with the SOAR scientific and technical staff.1232

We were able to easily communicate with the SOAR staff1233

and on several occasions SOAR staff provided invaluable1234

help to us in obtaining spectra of dimmer objects that1235

required a longer process for target acquisition. Fur-1236

ther, long after the optical signature of any expected1237

KN should have faded, the SOAR staff obtained the1238

spectra of the host galaxies of two remaining candidates1239

(AT2019nte and AT2019omw) during engineering time,1240

in order to check if these candidates had redshifts that1241

fell within the distance estimates measured by LVC for1242

the GW event.1243

Third, it became clear early on that it is very difficult1244

to obtain sufficiently high S/N spectra with SOAR for1245

candidate KNe fainter than about i ≈ 21 in the allot-1246

ted time for a SOAR ToO interrupt. For spectroscopic1247

follow-up in LVC O4, candidates fainter than i ≈ 211248

should either be pursued by 6-to-10-meter-class tele-1249

scopes, or have their host galaxies targeted as a means1250

to qualify them or to rule them out.1251

Finally, we stress the importance of being able to re-1252

duce and analyze the data at the telescope for quick clas-1253

sification of the candidate as a KN or not. If there are1254

obvious features in the spectrum indicating that a given1255
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Figure 18. Same as Fig. 16 except for the AT2019omw KN candidate.

candidate is not a KN (e.g., sharp emission or absorp-1256

tion lines or features typical of an SN spectrum), one1257

can quickly move on to the next target in the candidate1258

list; if, however, the spectrum indicates that the candi-1259

date is indeed the KN, the rest of the astronomical com-1260

munity can be quickly alerted. At the telescope during1261

the observations for this paper, we typically made use of1262

our SOAR Quick Reduce Pipeline or IRAF routines to1263

process and calibrate the spectra on the fly, and classi-1264

fied the spectra by eye or by running them through the1265

AstroDash and/or the SNID SN typing software that1266

same night. A later, more refined reduction and anal-1267

ysis were performed later offline, as described in § 6.11268

and § 6.2. We note that, however, whereas some of the1269

classifications changed between the real-time and off-1270

line analysis, none of the resulting spectra – with the1271

possible exception of the very low-S/N AT2019ntr spec-1272

trum – were ever seriously considered to be that of1273

a KN: i.e., the quick reductions are sufficient for the1274

purpose. One weakness during our O3 observations of1275

GW190814 candidates was the lack of an analog of our1276

Quick Reduce pipeline to fit a candidate’s spectrum to1277

a grid of KN model spectra on the fly at the tele-1278

scope. Since then, we have developed an initial version1279

of own publicly available DESGW KN spectrum fitter1280

(DLT DESGW KNfit; see § 8), which can be run at the1281

telescope with the output of our SOAR Quick Reduce1282

pipeline and should be useful for spectroscopic follow-up1283

in LVC O4.1284

7. CONCLUSIONS1285

In the era of multi-messenger astronomy, we have1286

demonstrated that we can perform a deep, one-of-1287

its-kind spectroscopic follow-up campaign for pos-1288

sible NSBH events. We have reported on the1289

SOAR/Goodman spectroscopy of 11 KN candidates as-1290

sociated with the LIGO/VIRGO event GW190814. For1291

8 of these we have reported the redshift and spectro-1292

scopic typing of the transient itself, and for the other1293

3 we have reported the redshift of the host galaxy.1294

We concluded that none of these candidates were the1295

optical counterpart associated with the compact ob-1296

ject binary merger. This SOAR/Goodman spectroscopy1297

was done through SOAR ToO observations on a series1298
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of nights following the LVC discovery of gravitational1299

waves from GW190814. These targeted observations1300

were performed after KN candidate identification and1301

culling by the DESGW collaboration following observa-1302

tions using DECam on the Blanco telescope, and they1303

have allowed us to place interesting constraints on the1304

properties of the binary (Morgan et al. 2020) and to use1305

this event as a dark standard siren (that is, as a con-1306

straint on H0 using GWs) (Palmese et al. 2020).1307

We have also described the DESGW spectroscopic1308

pipeline, part of the DESGW KN search process and1309

candidate assessment, and our process and timeline for1310

creating a spectroscopic follow-up candidate list. In ad-1311

dition, we have presented our QuickReduce software (for1312

quick look spectroscopic reduction) and the UCSC Re-1313

duction Pipeline software (for offline spectroscopic re-1314

duction). Furthermore, we have shown our use of Astro-1315

Dash, SNID, and a least-square KN model fitting soft-1316

ware for the process of candidate spectrum classifica-1317

tion. Finally, we have demonstrated the effectiveness of1318

our program and these tools within DESGW and are1319

prepared for more extensive searches for KNe in LVC1320

O4.1321

8. SOFTWARE1322

We present here links to the software packages men-1323

tioned in the text:
1324

1. Quick Reduce Pipeline, used for reduction and1325

analysis of spectra immediately after observing.1326

https://github.com/DouglasLeeTucker/SOAR1327

Goodman QuickReduce/blob/master/notebooks/1328

SOAR Goodman QR Notebook.ipynb1329

2. UCSC spectral pipeline, used for data reduc-1330

tion and analysis: https://github.com/msiebert1/1331

UCSC spectral pipeline1332

3. AstroDash supernova typing software: https://1333

github.com/daniel-muthukrishna/astrodash1334

4. Image Reduction and Analysis Facility (IRAF).1335

IRAF had been distributed by the National Op-1336

tical Astronomy Observatory, which was oper-1337

ated by the Association of Universities for Re-1338

search in Astronomy (AURA) under a coopera-1339

tive agreement with the National Science Foun-1340

dation. The software is currently maintained1341

and distributed by the IRAF Community: https:1342

//iraf-community.github.io/1343

5. SNID supernova typing software: https://people.1344

lam.fr/blondin.stephane/software/snid/1345

6. Kasen KN models: https://github.com/dnkasen/1346

Kasen Kilonova Models 2017
1347

7. DESGW KN spectrum fitting software: https:1348

//github.com/cdebom/DLT DESGW KNfit1349

8. SNANA SuperNova ANAlysis software https://1350

snana.uchicago.edu/1351

9. matplotlib (Hunter 2007),1352

10. numpy (Van Der Walt et al. 2011),1353

11. scipy (Jones et al. 2001),1354

12. astropy (Astropy Collaboration et al. 2013),1355

13. TOPCAT (Taylor 2005).1356
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